Cuong Tram. Characterization of a tandem repeat polymorphism in Legionella pneumophila and its use for genotyping.
Legionella pneumophila is the agent of Legionnaires' disease and Pontiac fever. This bacterium is present in aquatic environments, where it replicates within protozoan hosts (for reviews, see references 6 and 17) . The bacteria infect alveolar macrophages following inhalation of contaminated aerosols. The organism is responsible for a large number of cases of nosocomial pneumonia in immunocompromised patients. The family Legionellaceae contains more than 40 species that have been isolated from either clinical or environmental sources. Three subspecies of the species L. pneumophila have been described to be the most frequently associated with disease: L. pneumophila subsp. pneumophila, L. pneumophila subsp. fraseri, and L. pneumophila subsp. pascullei (2) . Up to 15 serogroups of L. pneumophila can be identified, and these are mostly in the subspecies L. pneumophila subsp. pneumophila and L. pneumophila subsp. fraseri. Different molecular techniques have been developed to characterize and analyze the different strains. Macrorestriction analysis and PCR-based methods such as amplified fragment length polymorphism (AFLP) analysis (19) and arbitrarily primed PCR (8) have been used to genotype L. pneumophila isolates. A comparative evaluation of these methods has been performed and showed that AFLP analysis was the most simple and reproducible (10) . Sequencing of the rpoB and dotA genes (11) or the dotA and mip genes (3) was used to study the genetic population structures of L. pneumophila isolates. These studies confirmed the differences between the three subspecies and suggested that although a clonal population exists, horizontal transfer plays an important role in the evolution of L. pneumophila.
The use of variable-number tandem repeats (VNTRs) to genotype bacteria has been described for Haemophilus influenzae (20) , Mycobacterium tuberculosis (16) , and more recently, Bacillus anthracis and Yersinia pestis (12) and is known as multiple-locus VNTR analysis (MLVA). The availability of genome sequences and of appropriate algorithms for data analysis allows the search for new markers of this type.
We have performed a study with reference serogroup 1 to 14 strains and 27 strains isolated from the environment and patients, and we have selected several informative markers useful for epidemiological studies.
MATERIALS AND METHODS
Strains and growth conditions. Fourteen reference strains of L. pneumophila (Table 1 ) and four strains of other Legionella species (Legionella dumoffii NY, Legionella micdadei TATLOCK, Legionella bozemanii WIGA, Legionella longbeachae 1) were obtained from the American Type Culture Collection (ATCC). The environment and clinical isolates are listed in Table 2 . Some are described elsewhere (18) .
Isolation of Legionella from water samples was performed according to the recommendations of Association Française de Normalisation (report no. AFNOR-NFT 90-431). Samples of 500 ml of water were filtered on a 0.2-mpore-diameter polycarbonate membrane (Nuclepore, Corning, New York). After filtration, the bacteria on the filters were resuspended in 10 ml of distilled water and shaken. Then, 0.1 ml of the suspension was spread on a 90-mm petri dish containing solid buffered charcoal-yeast extract medium (BCYE; bioMérieux Sa, Marcy l'Etoile, France) supplemented with L-cysteine and ferric pyrophosphate, with or without antibiotics (Oxoid, Biolyon, Dardily, France). When observed under a microscope 3 days after primary culture, the characteristic Legionella colonies were round, convex, white with pink or green iridescent edges, and glistening with a ground-glass appearance. Up to 15 (4, 13) . For direct immunofluorescence a colony was dispersed in sterile water and a drop of suspension (containing no more than 100 bacteria) was put on a glass slide, air dried for 10 to 15 min, and treated with acetone for 10 min. Then, the fluorescent monoclonal antibody was added and the slide was held for 30 min at 37°C in a humidifying chamber. Extensive washes with phosphate-buffered saline (PBS) were performed before the glass slide was mounted with 10% glycerol in PBS. The positive colonies were subcultured on solid medium, and pooled colonies were used for further studies.
Some primary colonies were also tested by PCR with minisatellite markers (this study).
The isolates from patients and water samples from Necker and Pitié Hospitals in Paris, France (Table 2), have been described by Tram et al. (18) . Each clinical strain was from a single patient.
The L. pneumophila isolates from a Dutch patient and from a hotel in Greece (Heraklion, Crete) were obtained in 1989 from a lung specimen and from the hotel water, respectively (unpublished work) ( Table 2 ). Hot water was collected from the showers of six different rooms (which had been unused for 24 h), including that of the Dutch patient, and bacteria were isolated as described above. About 600 colonies/liter had the phenotypic characteristics of Legionella, and 10 colonies from each water sample were cultured and further analyzed. Pulsed-field gel electrophoresis (PFGE) analysis was performed with one isolate from each room and two isolates from the patient.
Thermolysates and DNA extraction. For thermolysate preparation, a large primary colony was picked and resuspended in 100 l of distilled water, incubated for 10 min at 100°C, and then quickly chilled on ice.
For DNA purification, 10 to 20 colonies of a secondary culture were pooled, and the pool was resuspended in water. One volume of lysis buffer containing 20 mM Tris (pH 8), 2 mM EDTA, 20 mM NaCl, and 1% sodium dodecyl sulfate was added along with 100 g of proteinase K per ml, and the mixture was incubated at 56°C for 2 h. DNA was extracted with phenol and phenol-chloroform (1/1) by using a Phase Lock gel (Eppendorf) and precipitated with 200 mM NaCl-70% ethanol.
For PFGE the DNA was prepared, digested with SfiI (Pharmacia), and analyzed as described previously (14) . A bacteriophage lambda DNA ladder (FMC BioProducts, Vallensbaek Stand, Denmark) was used as a size marker.
PCR. Thirty-five cycles of amplification were performed in a 96-well MJ Research PTC200 thermocycler. Annealing was for 30 s at 60°C, and elongation was for 45 s at 72°C. The PCR products were analyzed on 3% agarose gels by using the Gene Ruler 100-bp DNA ladder plus (MBI Fermentas) as a size marker. The oligonucleotide sequences are shown in Table 3 .
For cloning, PCR products were purified with the QIAquick PCR purification kit (Qiagen) and were ligated into the pGEM-T Easy Vector system (Promega, Charbonniéres, France). The inserts were sequenced by using M13 universal and 
from the four other Legionella species included in this study ( Fig. 1B) , although in some cases a faint band was visible. Markers Lpms5, Lpms11, Lpms17, and Lpms19 are polymorphic, but they did not amplify the DNA of all the isolates. Lpms25 is not polymorphic but gave a very good amplification with all of the L. pneumophila isolates tested. The reference DNA of serogroups 1, 3, and 6 had the same allele sizes with all markers except Lpms5 and Lpms19.
We tested whether Lpms13 could be used to identify an L. pneumophila isolate freshly isolated from the environment. Figure 1C shows the result of an analysis performed with thermolysates (samples A to L) prepared from one colony of bacteria isolated from a water sample after 72 h of growth on solid medium. As a control, the DNA of serogroup 1, 2, and 4 reference strains was amplified at the same time. The results suggest that five colonies were L. pneumophila and that at least two different strains were present in the same water sample. These results were confirmed by immunofluorescence with a monoclonal antibody that detects L. pneumophila and by differential growth on medium with or without L-cysteine and iron. A dendrogram was produced by clustering analysis by using the genotyping data, as shown in Fig. 2 . It confirms that strains Los Angeles 1 and Dallas 1E (L. pneumophila subsp. fraseri) are dissociated from the other strains and allows the grouping of the strains representing serogroups 1, 3, 6, and 12.
Comparison of MLVA with RFLP analysis by use of serogroup 3 strains. In order to test the usefulness of our markers for comparison of clinical and environmental strains of L. pneumophila, we genotyped a group of strains described by Tram et al. (18) . It consisted of 14 strains of serogroup 3 isolated from four water samples (strains NW1 to NW4), 4 strains from patients (strains NP1 to NP4) hospitalized in Necker Hospital during the same time period, and 6 strains from patients at Pitié Hospital (strains PP1 to PP6). Restriction fragment length polymorphism (RFLP) analysis was performed as described by Tram profiles, the Necker profile (water and patient isolates) and the Pitié profile. We performed a PCR with DNA prepared from all these strains, using primers for Lpms1, Lpms4, Lpms5, Lpms11, Lpms13, LPms17, and Lpms19. Figure 3 shows the results of part of that analysis. Markers Lpms5 and Lpms19 were not informative. The strains with the Pitié profile were identical and different from all the others. Two profiles were identified among the strains with the Necker profile, with the strains from the four water samples providing a single profile similar to that of the strain from one of the patients (strain NP3). Another profile was observed with the strains from three other patients. That profile differed from that for the strain from the water sample by use of markers Lpms1 and Lpms4.
Comparison of MLVA and PFGE by use of serogroup 1 and 6 strains. We performed a second analysis with a group of serogroup 1 and 6 strains isolated in 1989 from a patient and from environmental samples and for which a PFGE analysis had been performed (unpublished work). A Dutch patient died of pneumonia shortly after a stay in a Greek hotel. At that time, L. pneumophila strains were isolated from the shower water in four rooms of the hotel (strains A1, A2, B1, and B2), in another building of the hotel (strains Hab1 and Hab2), and from the patient (strains Pat1 and Pat2). A molecular study was performed following digestion of total genomic DNA by use of the restriction enzyme SfiI and PFGE. The profiles obtained for the different strains are shown in Fig. 4A and clearly indicate that the strains from the patient were not related to the environmental strains isolated at the hotel. Lanes 1 to 5 and lane 10 correspond to the strains recovered from the water in the hotel. Lanes 1, 2, and 5 show similar but not completely identical patterns (types A, B, and D, respectively), whereas lanes 3, 4, and 10 show the same pattern (type C). The two strains from the patient (lanes 6 and 7) showed similar patterns (type E) different from the patterns for the environmental isolates and those for the reference serogroup 6 and 1 strains (lanes 8 and 9, types F and G, respectively). We analyzed the different strains with the polymorphic minisatellite markers using reference serogroup 1 strain L. pneumophila Philadelphia-1 and serogroup 6 strain L. pneumophila Chicago 2 as controls. The Lpms4 marker-specific primers did not give a product for the strains in lanes 3, 4, and 10 (data not shown), so we made use of sequencing data for the different serogroups (see below) to select new primers, the Lpms4b primers ( Table  3 ). The results for markers Lpms1, Lpms4b, and Lpms13 are shown in Fig. 4B . Three different profiles were observed, one for the strains in lanes 1, 2, and 5 (A1, A2, and Hab2, respectively), one for the strains in lanes 3, 4, and 10 (B2, Hab2, and B1, respectively), and one for the patient strains. The data match the results of the RFLP analysis concerning the different nature of the patient and environmental strains. Comparison of Lpms4 sequences in 14 strains. The PCR product of Lpms4 was frequently of low abundance and of an unexpected size with respect to the tandem repeat unit. Thus, we decided to sequence the minisatellites from the reference strains of serogroups 1 to 14. We cloned the amplification products in a plasmid vector and sequenced the inserts from one or two clones from both ends.
All the sequences showed a repeat motif, usually of 48 bp, like that in the Philadelphia-1 strain, but of 54 bp in two strains, reference strains of serogroups 10 and 14, due to the insertion of 6 bases in the 48-bp motifs ( Table 4 ). The number of repeats varied, explaining the size polymorphism. The sequence identity was high between the different serogroups except for serogroups 4 and 5. These two serogroups clearly belong to a separate group, with the sequence of serogroup 4 having an additional motif compared to the sequence of serogroup 5. The primer pair for Lpms4b was selected to match the sequences of serogroups 4 and 5. For the other strains, point mutations were found inside the consensus motif, and their number and repartition allowed the tentative distribution of the different strains into groups. The sequences of serogroup 1, 3, and 6 strains, on the one hand, and the sequence of the serogroup 12 strain, on the other, differed at 1 of 363 bases. The sequence of serogroup 2 is very similar to those of serogroups 1, 3, 6, and 12, but it possesses one additional motif and a 6-bp deletion. It was not possible to group strains of serogroups 7, 8, 9, 11, and 13 on the basis of their nucleotide sequences. The results were different when the protein se-quences were examined. The translation in the six reading frames produced only one open reading frame (ORF), which was identical in the 14 alleles analyzed. Figure 5 shows a multiple-sequence alignment of the ORFs, in which the additional motifs have all been arbitrarily localized at a single position for clarity. A BLAST search gave no hit either for microbial genomes or for the complete nucleotide database.
DISCUSSION
We have characterized several polymorphic minisatellites in L. pneumophila which can be used for genotyping. Three of these PCR markers have been able to amplify the DNA of the strains from all samples tested, although in some cases the PCR product was not abundant, suggesting that the primer sequences were not perfectly homologous. A large proportion of the markers tested did not amplify the DNA from all strains, showing that the level of diversity is high within the species L. pneumophila. For this reason, we have not investigated all the minisatellite loci identified with the Tandem Repeat Finder software. The availability of sequence data for another strain (possibly L. pneumophila subsp. fraseri) would greatly facilitate the selection of primers that are specific for most if not all the L. pneumophila strains and the identification of additional polymorphic tandem repeat loci. Indeed, using sequencing data for the Lpms4 locus, we were able to design new primers that amplified the DNA of all strains tested.
Strains with identical serotypes can have different genotypes, confirming the data obtained by other techniques, including protein polymorphism analysis (15) , ribotyping and RFLP analysis with PFGE (5, 14) repetitive-element PCR (7) , or gene sequencing (3, 11) .
Interestingly, in the study performed with serogroup 3 strains isolated from Necker Hospital, the profiles obtained suggested that one patient was infected with a strain present in the hospital water, whereas the other three patients were infected with another strain which was not recovered from the water samples. The latter strain differed from the strain from hospital water only at markers Lpms1 and Lpms4, which could mean that the strain is of a different origin or that it is a variant G.........C.......................TAACAG.... G.........C.......................TAACAG.... of the strain isolated from water. This is reminiscent of the results of Harrison et al. (9) , who suggested that phenotypic variation of a single parent organism could account for the phenotypically different strains isolated from a single cooling tower. A larger number of colonies isolated from water could have been analyzed by tandem repeat typing at the time of the infection (as shown in Fig. 1C) , possibly allowing the isolation of additional environmental strains.
We performed a second retrospective study with Legionella isolates from a Dutch patient and from water samples in a Greek hotel. The comparison of the RFLP profiles performed in 1989 (unpublished work) had concluded that the patient strain was not present in the water of the hotel. The water samples were taken from the showers in hotel rooms that had not been used for 24 h. Isolates of two different serogroups were found, and their genotypes were different from the ge-notype of the patient isolate, as determined by using four minisatellite markers and by RFLP analysis and PFGE. It might have been interesting to analyze a larger number of colonies from different environmental sources by a simple and rapid technique such as MLVA. However, when the first study was conducted in 1989, it was not easy to genotype large numbers of isolates.
Because we noticed that the primers whose sequences were selected from that of a sequenced strain, Philadelphia-1, did not systematically work with all the strains that we tested, we decided to sequence the PCR products of the Lpms4 markers of the 14 reference strains. The data confirm the existence of important nucleotide variations inside the minisatellite and in the flanking sequences from which the sequences of the primers used for PCR were selected. We tentatively chose degenerated primers that amplified all strains tested, although they did not always give a single product (data not shown). Concerning the minisatellite structure and internal variations, the sequencing data are very instructive and complementary to the minisatellite length polymorphism data. There were more variations at the nucleotide level than at the protein level, and these variations allow some clustering of the different strains that were not clustered by VNTR analysis. Reference strains Los Angeles 1 (serogroup 4) and Dallas 1E (serogroup 5), which belong to L. pneumophila subsp. fraseri, are the most divergent. Reference strains of serogroups 1, 3, 6, and 12 were distinguished by only one to three base changes in the complete minisatellite sequence. The reference strains of serogroups 10 and 14 have a particular motif of 54 bp instead of the motif of 48 bp found for all other strains tested, and the consensus motif sequence contains four base changes compared to the consensus motif of strain Philadelphia-1. Our data are in agreement with those of Ko et al. (11) , who analyzed the rpoB sequence, and they suggest that sequencing of the Lpms4 loci of a large number of strains could improve phylogenetic studies with L. pneumophila. We are analyzing the sequence polymorphisms at the Lpms1 and Lpms13 loci, and this may eventually lead to proposed two-step assay: MLVA followed, if necessary, by allele sequencing for greater resolution.
